Physiol. 37): C527-C534, 1995.-To examine the influence of a motoneuron in maintaining the phenotype of the muscle fibers it innervates, myosin heavy chain (MHC) expression, succinate dehydrogenase (SDH) activity, and cross-sectional area (CSA) of a sample of fibers belonging to a motor unit were studied in the cat tibialis anterior 6 mo after the nerve branches innervating the anterior compartment were cut and sutured near the point of entry into the muscle. The mean, range, and coefficient of variation for the SDH activity and the CSA for both motor unit and non-motor unit fibers for each MHC profile and from each control and each self-reinnervated muscle studied was obtained. Eight motor units were isolated from self-reinnervated muscles using standard ventral root filament teasing techniques, tested physiologically, and compared with four motor units from control muscles. Motor units from self-reinnervated muscles could be classified into the same physiological types as those found in control tibialis anterior muscles. The muscle fibers belonging to a unit were depleted of glycogen via repetitive stimulation and identified in periodic acid-Schiff-stained frozen sections. Whereas muscle fibers in control units expressed similar MHCs, each motor unit from self-reinnervated muscles contained a mixture of fiber types. In each motor unit, however, there was a predominance of fibers with the same MHC profile. The relative differences in the mean SDH activities found among fibers of different MHC profiles within a unit after self-reinnervation and those found among fibers in control muscles were similar, i.e., fast-2 < fast-l < slow MHC fibers. Furthermore, the ranges in fiber GSA and SDH activity within a motor unit having a mixture of fiber types were similar to those found among a sample of nondepleted fibers that presumably represented all fiber types within the muscle. These results demonstrate that the normal interrelationships among the MHC isoform, the SDH activity, and the CSA within a fiber were maintained or reestablished in reinnervated units, but all fibers within each of the units did not convert and become a homogeneous population of fibers. Thus the SDH activity and CSA of muscle fibers are shown to be more associated with the MHC phenotype of the fiber than with the motor unit type.
self-reinnervation; motor units; succinate dehydrogenase activity; myosin heavy chain; fatigue; fiber size SKELETAL MUSCLES IN ADULT mammals are composed of a heterogeneous population of muscle fibers with different physiological, morphological, and biochemical properties. The strong influence of the motoneuron on muscle fiber properties demonstrated in cross reinnervation and chronic stimulation studies suggests that the heterogeneity among fibers within and among muscles is primarily a function of the differing firing patterns of the innervating motoneurons (9, 25, 26) . Complete neural control of muscle properties is consistent with the observation made by Nemeth and colleagues (20,21> in normal muscle, in that all the fibers innervated by the same motoneuron, i.e., a motor unit, are identical in their physiological, morphological, and metabolic characteristics. These data have been interpreted to mean that the coordination of those protein systems that form the basis of muscle fiber types is of neural origin and that the control by the motoneuron is complete. If such is the case, then the variability in muscle fiber biochemical and morphological properties among all fibers in a muscle could be attributed entirely to motoneurons.
The issue of whether fibers within a motor unit have identical properties has been studied by identifying the muscle fibers innervated by a single motoneuron, using the glycogen-depletion technique and measuring the morphological and biochemical properties of the depleted fibers. Edstrom and Kugelberg (7), at a qualitative level, reported motor unit fibers of the tibialis anterior of normal adult rats to have very similar, but not identical, staining intensities for succinate dehydrogenase (SDH), esterase, and phosphorylase. Using similar techniques, Burke et al. (4) also reported that fibers belonging to individual motor units in the cat gastrocnemius were similar in appearance when stained for SDH, myofibrillar ATPase, esterase, phosphorylase, and lactate dehydrogenase. In contrast, studies using quantitative histochemical techniques have demonstrated a significant variability in the enzymatic activities and crosssectional areas (CSA) among muscle fibers belonging to the same motor unit in the rat tibialis anterior (14, 15), cat tibialis anterior (17), and cat soleus (16) muscles (see Refs. 20, 21) . The ranges in enzyme activities and CSA reported in these studies demonstrated a nonuniformity among fibers within motor units of each physiological type. These results indicate that in normal adult mammals the heterogeneity observed among fibers of a muscle reflects a combination of the variation within, as well as among, motor units. Marked heterogeneity among fibers of the same motor unit has also been observed in extraocular (10) and masseter (32) muscles. Together, these data suggest that there are sources of regulation other than the motoneuron that contribute to the heterogeneity among all fibers of a muscle (6) .
We recently have found substantial neural independence of the myosin heavy chain (MHC) profiles ex-C528 MOTOR UNIT PROPERTIES AFTER SELF-REINNERVATION pressed among fibers belonging to the same motor unit in the anterior compartment of the adult cat tibialis anterior muscle 6 mo after its nerve branches were cut and sutured near the point of entry to the muscle (30). Specifically, more than one MHC isoform was expressed among motor unit fibers in self-reinnervated muscles. In the same study, we also reported that all muscle fibers of a motor unit did not seem to develop the same type-associated parameters after self-reinnervation. This interpretation was based on the mean and variability in SDH activities and CSA of motor unit fibers.
The present study defines the extent of the neural influence on enzymatic and size properties of muscle fibers based on the mean, range, and coefficient of variation of SDH activity and CSA of multiple MHC phenotypes among motor unit and non-motor unit fibers from each control and each self-reinnervated muscle. The presence of normal type-associated properties within a fiber and the multiple type-associated properties among fibers of a unit, similar to those observed among non-motor unit fibers, lend further evidence of the limitation in the degree to which the motoneuron controls muscle fiber properties related to phenotype in self-reinnervated muscles. (4) . After the fatigue test, the muscle fibers belonging to the motor units were subjected to a specific repetitive stimulation protocol to deplete their intracellular glycogen stores (1). On cessation of the glycogen depletion protocol, the cat was given an overdose of pentobarbital sodium. All procedures used in this study followed the American Physiological Society Animal Care Guidelines and were approved by the Animal Use Committee at UCLA.
MATERIALS AND METHODS

Experimental
The length of the tibialis anterior muscle plus tendon was measured in situ. The muscle was fixed at this length by clamping the distal tendon to the tibia and keeping the proximal attachment intact. The tibia and tibialis anterior were excised, the tibialis anterior cleaned of excess connective tissues, blotted dry, and rapidly frozen in isopentane cooled in liquid nitrogen. The frozen muscle was removed carefully from the tibia and cut into 5-mm blocks from the proximal to the distal extent of the muscle. The tissue blocks were subsequently mounted on cork and stored at -70°C.
HistochemicaZ procedures. The procedures used to identify, verify, and analyze fibers in a motor unit have been described in detail elsewhere (30). Tissue sections (20 pm) were cut from each tissue block and stained for glycogen, using the periodic acid-Schiff (PAS) reaction (24). Fibers that were suspected of being glycogen depleted after repetitive stimulation of their innervating axon and a sample of adjacent nondepleted fibers were outlined using an image analysis system. The optical density (OD) of the glycogen stain was measured for each fiber outlined.
The distribution of OD was plotted, and a clear bimodal distribution with a separation of the upper and lower ranges of the OD was used as one criteria for a successful depletion of the motor unit fibers. The fibers comprising the population with the lowest OD were defined as motor unit fibers. In contrast, the fibers falling within the population distribution range of the higher OD were defined as not belonging to the motor unit, hereafter referred to as nonmotor unit fibers. Confirmation of the assigned threshold level differentiating depleted from nondepleted fibers was also based on OD measurements of fibers in the nondenervated (posterior) compartment of the tibialis anterior muscles. Serial cross sections (lo-pm thick) to be used for immunohistochemistry or enzyme histochemistry were cut and mounted on either gelatin-covered slides or coverslips, respectively. Serial sections were stained immunohistochemically by an indirect immunoperoxidase technique, using monoclonal anti-
bodies reacting with specific adult MHCs. The staining profile of muscle fibers with antibodies BA-F8, BF-13, and BF-35 (generously donated by S. Schiaffino, Padova, Italy) was used to type the fibers. The pattern of reactivity of these antibodies has been previously described for rat skeletal muscle (3) . In the adult cat, immunoblot analyses were performed on sodium dodecyl sulfate-polyacrylamide electrophoretic gels of skeletal muscles to determine the specificity of these MHC monoclonals. In the cat, fibers that were specifically labeled by BA-F8 and BF-35 and unreactive with BF-13 were classified as slow-MHC fibers. Two subtypes of fast fibers that were unreactive with BA-F8 but reactive with BF-13 could be separated by their reactivity with BF-35. Monoclonal antibody BF-35 was specific to both the slow and fast-l MHC fibers but failed to react with fibers containing fast-2 MHC. Thus fast-l MHC fibers were reactive with BF-13 and BF-35, whereas fast-2 MHC fibers were only reactive with BF-13. Fibers labeled with BA-F8, BF-13, and BF-35 were classified as slow fast-l fibers.
SDH activity, a commonly used marker for the oxidative potential of muscle fibers, was determined in a sample of motor unit (n = g-201) and non-motor unit (n = 21-111) fibers, using the quantitative histochemical techniques described by Martin et al. (18) . Briefly, six serial muscle cross sections were cut at 10 pm. Three sections were incubated in a medium that contained substrate (succinate), and three were incubated in a medium that lacked substrate. Sections incubated without substrate were used as tissue blanks to correct for nonspecific staining that may occur during the reaction. Muscle fibers were outlined, and their enzymatic activity and CSA were determined.
The SDH activities were expressed as OD per minute. The mean of the three measurements with substrate minus the mean of the three tissue blank sections was used to calculate the enzyme activity of each fiber.
StatisticaL anaZyses. Mean SDH activity and fiber CSA were calculated for a sample of motor unit and non-motor unit fibers from each muscle. Student's paired t-test was used for comparisons between the motor unit and non-motor unit fibers within each muscle. An interfiber coefficient of variation (CV) was calculated as SD divided by the mean of those fibers sampled in each group and was used to reflect the variability within a population of fibers. The means in fiber CSA and SDH activity among motor unit and non-motor unit fibers of distinct MHC profiles were compared using an analysis of variance (F-test). To minimize the existing interanimal variabilities in enzymatic activities of muscle fibers and allow valid comparisons between the absolute SDH activities from motor units across animals, some data were expressed as 2 scores, i.e., SD units from the mean for SDH activity calculated from all fibers (motor unit and non-motor unit) within a muscle. Statistical significance was set at P < 0.05.
RESULTS
Mechanical properties of motor units. The mechanical properties of these motor units from self-reinnervated muscles have been presented in detail elsewhere (30). Briefly, the relationship among isometric contraction time, tetanic tension, and fatigue index of motor units in self-reinnervated muscles (1 S, 5 FR, and 2 FI) were similar to those of motor units in control muscles analyzed in this (1 S, 2 FR, and 1 FF) and previous (1, 27 ) studies (Fig. 1) . The maximum tetanic tension produced by the slow unit was lower than those produced by the fast units, a relationship similar to that observed among units from control adult muscle. The fast motor units in self-reinnervated tibialis anterior muscles generally produced higher maximum tetanic tensions than fast motor units in control muscles. The increase in maximum tension produced by a motor unit after self-reinnervation was determined primarily by an increase in the number of fibers innervated by a moto- neuron. The absence of FF units in our sample of motor were obtained from fibers of a known MHC profile. units from self-reinnervated muscles may be due to a Furthermore, these values are reported with respect to sampling bias during the isolation of axons.
the MHC phenotype in unit as well as nonunit fibers. MHC composition of single motor units. The MHC type composition of the eight motor units from selfreinnervated muscles and the four motor units from control muscles from which the metabolic and morphological data were obtained have been reported previously (see Table 1 in Ref. 30) . The control motor units were found to be homogeneous with regard to fiber type composition. In contrast, at least two fiber types were present in the sample of fibers analyzed from each of the eight reinnervated motor units studied (30). A predominance of one of the three defined MHC profiles was found within each motor unit. The S unit contained predominantly slow MHC fibers (90%). Four of the five FR motor units contained predominantly fast-l MHC fibers (mean = 81%, range = 61-98%), whereas one FR unit (SR6) was composed primarily of fast-2 MHC fibers (65%), and the two FI motor units contained predominantly fast-2 MHC fibers (62 and 96%).
Within each control muscle, the mean CSA for slow and fast-l MHC fibers were similar, whereas fast-2 MHC fibers had a significantly larger mean CSA than either slow or fast-l MHC fibers (Table 1) . There was extensive overlap in the range of CSA of muscle fibers of a motor unit with that of non-motor unit fibers having different fiber MHC compositions (Fig. 2A) . The range in fiber CSA among fibers belonging to a motor unit was smaller than that among non-motor unit fibers in each of the four control muscles (Fig. 2A) . The coefficients of variation for CSA within each of the four control motor units (25-46%, Table 1 ) were similar to those previously reported for the cat (17) and rat (15) tibialis anterior muscles of control animals.
Fiber CSA in control and self-reinnervated muscles. In each control tibialis anterior muscle, the mean fiber CSA for each fiber type were calculated from all motor and non-motor unit fibers in the sample. Mean CSA for motor unit fibers of self-reinnervated and control muscles have been reported in Unguez et al. (30). These mean values were obtained from the PAS-stained muscle cross section that included the largest number of motor unit fibers for each unit. In the present study, the mean CSA presented in Tables 1 and 2 are from a sample of fibers in which both measurements of CSA and SDH activity A sample that included each of the fiber types present in the motor unit was obtained in four of the selfreinnervated units (SR3, 6, 7, and 10) ( Table 2 ). The relative differences in CSA among fibers of different MHC profiles belonging to SR7 and 10 were similar to those found within control tibialis anterior muscles, i.e., fast-2 > fast-l > slow MHC fibers. In motor units SR3 and 6, both typed physiologically as FR, the fast-l and fast-2 fibers had similar CSA and were similar to the population of non-motor unit fibers. The coefficients of variation for CSA within each of the self-reinnervated motor units (14-50%; Table 2 ) were similar to those observed in control animals. In addition, the ranges (Fig. 2B) and coefficients of variation of motor unit fibers after reinnervation were not different from that observed in a population of non-motor unit fibers consisting of multiple fiber types, most likely reflecting the presence of multiple fiber types within the SR units. These data show that there was no change in the fiber type-fiber size relationship after self-reinnervation. Moreover, this relationship was apparent in a single unit after a motoneuron innervated fibers of different MHC profiles. SDH activity in fibers of control and selfkeinnervated muscles. The mean SDH activities of fibers within each control tibialis anterior muscle were in the order of fast-2 < fast-l < slow (Table 1) . This relationship between the MHC profile and the SDH activity among fibers of different MHC phenotypes was observed across motor units in control muscles and found to be independent of the physiological type of the unit. For example, the mean SDH activity of fast-2 MHC fibers within FR motor unit C3 was lower than that of fast-l MHC fibers comprising FR unit C2 (Table 1) . Also within each control muscle, the range in SDH activity of motor unit fibers was smaller than that found for a sample of non-motor unit fibers of different MHC profiles (Fig.   3A) . Similarly, the coefficients of variation among motor unit fibers were significantly lower than that of a population of non-motor unit fibers of different myosin type in each control muscle (Table 1) .
In each of the eight self-reinnervated muscles, measurements of SDH activity and CSA were made on a sample of motor unit fibers of known MHC profiles. The MHC isoform expressed in the sample of non-motor unit fibers used for the quantitative analyses in this study was not determined. Within the two motor units (SR7 and lo), which contained all three fiber types, the mean SDH activity was in the order of fast-2 < fast-l < slow ( Table 2 ). Th ese relative differences in SDH activities among the fiber types within a reinnervated motor unit were similar to those found among the different fiber types in control muscles (Table 1) . Furthermore, the range in SDH activities of motor unit fibers of a specific MHC profile was smaller than that of non-motor unit fibers of presumably different MHC phenotypes (Fig.  3B) . However, the range in SDH activities for all motor unit fibers within a self-reinnervated muscle was larger than that found in control motor units relative to that of non-motor unit fibers (Fig. 3B) . Thus the nonuniform MHC composition of the fibers within reinnervated motor units primarily accounted for the increased range in SDH activities of the motor unit in comparison to that of control units, which had fibers of a uniform MHC composition (Fig. 3) .
Also similar to control muscles were the relative differences in the coefficients of variation for SDH activities found among the fiber types within a reinnervated motor unit. In control muscles, the coefficients of variation for each fiber type followed the order of slow (mean CV = 11%) < fast-l (mean CV = 27%) < fast-2 (mean CV = 35%) MHC fibers (Table 1) . Within reinnervated motor units SR7 and 10, slow MHC fibers had the lowest variability (CV = 20 and 10, respectively) and fast-2 MHC fibers had the highest variability (CV = 65 and 29, respectively) in SDH activity (Table 2) . Similar relative differences between fast-l and fast-2 MHC fibers were found within motor units SR3 and 6 (Table  2) . Overall, the coefficients of variation ranged from 10 to 20% for fibers of slow MHC, from 13 to 33% for fibers of fast-l MHC, and from 29 to 65% for fibers of fast-2 MHC among the motor units from self-reinnervated muscles.
The variability in SDH activity among motor unit fibers was less than the variability among a sample of non-motor unit fibers in all control muscles ( Table 1) . The variability among motor unit fibers was less than that among non-motor unit fibers in five of the eight self-reinnervated muscles (SRl, 3, 4, 6, and 8; Table 2 ). Coordination among MHC profile, CSA, and SDH activity of motor unit fibers. The relationship between the absolute fiber CSA and the normalized SDH activity of the population of motor unit fibers in each of the four control and eight self-reinnervated muscles was determined. The SDH activities for each muscle were normalized to facilitate comparisons of populations of fibers with respect to the single-fiber interdependence of SDH activity, CSA, and MHC isoform across cats. Essentially, these data show that the same intrafiber tvne-associated relationships among SDH activity, fiber CSA, and MHC isoform occur within control muscles and reinnervated motor units having multiple fiber types according to their MHC profile. For example, those fibers that expressed fast-2 MHC generally had lower SDH activities and larger fiber CSA than either fast-l or slow MHC fibers. Furthermore, these phenotypic relationships existed within a fiber regardless of the type of unit to which it belonged, i.e., S, FR, FF, or FI, in either control or self-reinnervated muscle. There was no evidence of an alteration of the normal interrelationships among these three characteristics associated with the fiber phenotype within a heterogeneous population of fibers innervated by the same motoneuron after self-reinnervation. Thus, after normalizing the SDH activity per cat, the same conclusion on the interdependence of these three fiber type-associated properties illustrated previously for one reinnervated motor unit (30) was found to be true for all eight reinnervated units examined.
fibers of different MHC isoforms comprising a mixed population in motor units of self-reinnervated muscles. As reported previously, fibers of different MHC isoforms were innervated by the same motoneuron after selfreinnervation of tibialis anterior muscles (30). The presence of multiple fiber types within each motor unit in self-reinnervated muscles was reflected in the larger ranges in SDH activities and CSA compared with control motor units. However, the enzymatic size relationship to the MHC isoform expressed within a fiber observed in control muscles persisted in motor unit fibers of selfreinnervated muscles. More specifically, the lowest mean SDH activities were found in the relatively larger fast-2 MHC fibers, whereas the highest mean SDH activities occurred in the smaller fast-l and slow MHC fibers. Thus these data lend further evidence of an incomplete neural control of some phenotypic characteristics of muscle fibers after 6 mo of self-reinnervation (30). To date, the restoration of normal mechanical and DISCUSSION histochemical properties among motor units of adult reinnervated muscles has been primarily attributed to a In the present study, the extent to which the motoneumechanism in which the regenerating motoneurons ron exerted control over a newly innervated population exert a unidirectional control of muscle fiber characterisof muscle fibers was assessed by comparing the SDH tics, i.e., the motoneuron transforms a presumably activities and CSA of fibers innervated by the same heterogeneous population of fibers into one with the motoneuron in control muscles, all of which have the same phenotype that matches the properties of the same MHC isoform, and the SDH activities and CSA of motoneuron (11, 13,22 neural control, all fibers belonging to a motor unit would be essentially invariant in their size and enzymatic characteristics.
However, in the present study, the range in SDH activity within each motor unit having a mixture of fiber types was similar to that found among non-motor unit fibers representing all fiber types within the muscle. Similarly, the range in CSA of muscle fibers of a reinnervated unit overlapped with that of muscle fibers belonging to other units of the same and even different physiological types. These results further demonstrate a heterogeneous population of muscle fiber phenotype within reinnervated units, in that identical size and SDH activities were not subsequently imposed on each fiber of the unit.
The heterogeneity observed among the motor unit fibers in each self-reinnervated tibialis anterior muscle in the present study differs from the results of Nemeth and Turk (22). Based on biochemical assays of isolated fibers from the rat tibialis anterior, they reported that lactate dehydrogenase, adenylokinase, and malate dehydrogenase activities were identical among fibers of a unit 5 wk after a partial crush of the common peroneal nerve. Low variations in the enzymatic activities among the muscle fibers sampled were obtained from each of the two tibialis anterior muscles analyzed. These results were interpreted to be consistent with a complete control of metabolic properties by the reinnervating motoneuron. The level of homogeneity that they observed is particularly surprising, since they assumed that adjacent muscle fibers of the same histochemical type (based on their qualitative myosin ATPase staining pattern) within a muscle fascicle were reinnervated by a single axon. Based on the glycogen depletion technique to identify fibers belonging to the same motor unit, it is clear that one cannot assume innervation of muscle fibers by a common motoneuron from the distribution pattern of fibers within a fascicle (2) .
The level of neural independence of the phenotypic heterogeneity among muscle fibers suggested by the present data is consistent with other findings. For example, the expression of different myosin types in myoblasts and myofibers develops in the absence of a motor nerve in embryonic muscle (19). The establishment of the normal proportion, number and regional distribution of fiber types within a muscle has also been suggested to be independent of innervation (29). In addition, Parry and Wilkinson (23) found a normal spatial distribution of fiber types in the reinnervated adult mouse tibialis anterior 2 mo after popliteal nerve transection.
This maintenance of a normal fiber type distribution within the muscle was interpreted to mean that the fiber phenotypes were largely independent of the influence of the reinnervating axons (23). Similarly, we found no differences in the relative proportions of different fiber types and their distribution across the anterior compartment of each of the tibialis anterior muscles studied 6 mo after denervation and subsequent self-reinnervation (30). It should be noted that the absence of an alteration of the normal fiber type distribution prevailed in self-reinnervated muscles, despite a spatial distribution of motor unit fibers in self-reinnervated muscles that was significantly different from normal (2) . Specifically, quantitative spatial analyses revealed an increased incidence of adjacencies between motor unit fibers from all of the fast motor units after self-reinnervation (2) . Thus the reinnervation of a greater than normal number of adjacent fibers by a motoneuron did not result in those fibers developing the same phenotypic properties as indicated by the absence of obvious fiber type "grouping. "
The results in the present study do not negate the fact that some phenotypic characteristics of muscle fibers are influenced by the neural input nor that some conversion of fiber types occurred. Consequently, it may be argued that 6 mo after self-reinnervation is not sufficient time to reestablish the normal level of homogeneity within a unit. However, incomplete conversion of fiber phenotypes and motor unit types after crossreinnervation of a slow muscle with a fast nerve, or vice versa, based on physiological, biochemical, and histochemical properties studied over periods of up to 18 mo postoperatively has been reported (5, 8, 9 ). Indeed, a c534 MOTOR UNIT PROPERTIES AFTER SELF-REINNERVATION resistance of some slow fibers to a neurally induced transformation by a fast nerve 9 mo after crossreinnervation was reflected in the absence of a complete conversion of myosin type and the apparent absence of a downmodulation of mitochondrial protein (5, 28) . Furthermore, based largely on the tibialis anterior of the rabbit, the SDH activity and myosin characteristics of fibers undergo transitions considered to be complete after 4 and 6 wk of chronic stimulation, respectively, and remain stable beyond that period (12). Thus the normal interrelationships among the SDH activity, fiber CSA, and MHC isoform observed within any given fiber analyzed in the present study most likely reflect a steady state reached well within the 6-mo self-reinnervation period used in the present study.
The heterogeneity observed within the self-reinnervated units could have occurred as a result of one or a combination of several processes such as 1) an imperfect process of elimination of synapses to fibers of the non dominant phenotype, 2) a variable level of conversion of fibers to a predominant phenotype, and/or 3) an imperfect selective reinnervation of fibers of the same phenotype. In conclusion, these data are further evidence of the limit to which the nervous system can impose type-related characteristics after functional neuromuscular synaptic contacts have formed after self-reinnervation. 
